Background. This study evaluated the accuracy of postnatal computed tomography (CT) imaging in the identification of congenital bronchopulmonary malformation (BPM) in comparison with histopathological analysis. Methods. CT scans of prenatally diagnosed BPMs from 24 patients with available histology were analysed retrospectively. The CT images were reviewed blinded to histological findings by two radiologists. Specific diagnosis was assigned based on predetermined criteria. The accuracy of CT was evaluated. Results. The agreement rate in CT diagnosis between two radiologists was 100%. In 75% the lesions were located in the lower lobes. An overlap of 71% in CT and histopathological diagnoses was reached. The least matching diagnosis was type 2 CPAM. Conclusion. Contrast enhanced chest CT is very accurate in characterizing the BPM spectrum and provides important information on lesion type and structure.
INTRODUCTION
Bronchopulmonary malformations refer to a spectrum of pulmonary developmental anomalies, including congenital pulmonary airway malformation (CPAM), previously known as congenital cystic adenomatoid malformation (CCAM), bronchopulmonary sequestration (BPS), hybrid lesion and congenital lung overinflation (CLO). These anomalies consist of about 90% of those seen in clinical practise 1 . The advent of prenatal US and MRI has considerably increased the prenatal diagnosis of lung pathologies but complete characterization remains difficult. In utero airway maldevelopment with resultant obstruction is a recurrent proposed aetiology for many of these lesions, especially those associated with hyperlucent or cystic lung changes 2 . This causes even more confusion in terms of how these malformations should be described 3 . Because terminology remains a problem, the use of a descriptive approach is strongly supported in practice 4, 5 . In patients with clinical suspicion of BPM, a chest CT is required for the confirmation of diagnosis and further characterization of the lesion 6 . The aim of our study was to assess the accuracy of CT in classifying different types of BPMs and to correlate the imaging with pathological findings. We also provide a description of a CT paediatric protocol and technical factors that may optimize the evaluation of these lesions.
MATERIALS AND METHODS
We identified 24 patients referred to our institution between the years 2010 and 2015 with a prenatal ultrasound diagnosis of BPM who had undergone surgical resection. Postnatal chest CT scans of these patients performed prior to surgery was the basis of this retrospective study. CT studies were obtained on an Aquillion 64 CT system (Toshiba, Japan); CT scans were carried out without a contrast agent in 7 cases and with intravenous administration of an iodinated contrast agent in 17 cases. Contrast chest CTs were performed according to a dedicated paediatric protocol using 80 kV and 40 mA with automated tube current modulation, collimation of 1.5 mm, a corrected helical pitch of 0.828, a gantry rotation time of 0.5 s, and a mechanical power injector for contrast administration. We used a non-ionic low-osmolar contrast medium at a volume of 2 mL/kg of body weight and a flow rate of 0.8-1.5 mL/s. We used visual bolus tracking with the region of interest in the upper abdominal aorta. Anatomic scan coverage was positioned from the level of the thoracic inlet to the diaphragm. Neonates and young infants were scanned under sedation. Post-processing used mediastinal and lung windows settings; multiplanar volume reformation (MPR) with a slice thickness of up to 0.5 mm. Two radiology residents with 2 years of experience reviewed 24 CT scans. The criteria for re-evaluation were set by a senior radiology consultant with 20 years of experience in paediatric imaging who mentored the residents. The radiology residents blinded to the histopathological results reviewed the CT images independently and recorded the site of the lesion, the presence and size of cysts, the presence or absence of a feeding systemic vessel, areas of overinflation, and solid lesions. Postnatal CT lung lesion diagnosis was compared with the diagnosis provided by histopathology. The CT detected lesions were classified by predetermined criteria. A lung lesion was considered CPAM type 1 (Stocker's 7 classification) when the cystic component of the lesion was greater than 2 cm, CPAM type 2 if the cyst ≤ 2 cm, and CPAM type 3 if a solid lesion was present. Lung lesions with a feeding vessel were classified as BPS. Lesions with CPAM (1-3) characteristics with a feeding vessel were diagnosed as hybrid lesions. Lung lesions with lobar, segmental or subsegmental hypoattenuation were considered as CLO when these characteristics were present separately. This was referred to as an additional characteristic of other lesions when combined with CPAMs or BPS. These data were correlated with surgical findings (if available) and histopathological results.
RESULTS
There were 24 patients (16 females and 8 males) with a median age of 4.3 years at surgical resection (an interquartile range of 1.1-5.4 years). The median interval between CT study and surgical resection was 55 days (an interquartile range of 14-128 days). According to the defined criteria, there was complete agreement between two radiologists in determining the final CT diagnosis. Overall, the radiologists identified six congenital lung overinflations, six were type 2 CPAMs, five were type 1 CPAMs, five were bronchopulmonary sequestrations, one was type 3 CPAM, and one presented criteria that were not fully applicable.
The CT results are summarized in Table 1 . As shown, out of 24 lesions, 18 (75%) were located in the lower lobes, just one (4%) in the right middle lobe and 5 (21%) in upper lobes. In 75% cases (18 out of 24) cases the areas of hypoattenuation were present ( Fig. 1 ) which correspond with the findings reported 2, 5, 8, 9 . In 50% cases (12 out of 24) the areas of hypoattenuation occurred together with another type of BPMs, with three bronchopulmonary sequestrations, all being type 1 CPAMs, and with four sequestrations of type 2 CPAMs, which is an additional CT characteristic of the lesion. Post-inflammatory changes were very common (not shown in the tables) and were recorded in ten cases.
The comparison of CT diagnosis and histopathological results is shown in Table 2 . A diagnosis overlap of 71% (17 cases out of 24) between CT and histology was observed. Histopathology confirmed five out of six CLO diagnoses, whereas one case was histologically classified as type 2 CPAM. Only three out of six type 2 CPAMs diagnosed at CT were confirmed by histology, for the other three the conclusion was different; in the first case of mismatch, the pathologists were unable to distinguish type 1 and type 2 CPAM, in the second case they concluded type 1 CPAM, and in the third case they changed the diagnosis to BPS given the finding of large atypical vessels in the sample. Type 1 CPAMs (Fig. 2) were confirmed four times; in one case the histological diagnosis was changed to type 2 CPAM. All cases of BPS (Fig. 3) were confirmed by histology. Only one case of type 3 CPAM (case No. 1) was diagnosed with a CT scan. However, this lesion resembled BPS but no feeding vessel was clearly identified. Type 3 CPAM was not confirmed and after histological examination the diagnosis was changed to a hybrid lesion. In case No. 16 the predefined criteria were not fully applicable. A more than 3cm cystic lesion with fluid content was observed in the medial wall of the right upper lung. The lesion was therefore classified as a bronchogenic cyst. However, histopathology established the final diagnosis of an oesophageal cyst with extensive purulent destructive changes to the tissues of the bronchial tree (Fig. 4 ). This particular lesion was misdiagnosed as CPAM at a referring prenatal ultrasound. According to the defined criteria, type 2 CPAM diagnosis was most frequently misdiagnosed as BPM during CT examination.
DISCUSSION
The BPM complex consists of a broad spectrum of developmental abnormalities, ranging from abnormal lungs with normal vasculature to abnormal vasculature with normal lungs and lesions with both parenchymal and vascular abnormalities 10 . The pathogenesis of these lesions is in continuous evolution. Langston 5 suggested that many of the bronchopulmonary anomalies represent an obstruction malformation sequence with secondary pulmonary dysplastic changes. Differences in the level of airway obstruction, the completeness of the obstruction, and the timing of obstructive events may act together to produce varied patterns of malformations. One theory is that that these lesions are related to airway obstruction with secondary pulmonary dysplastic changes. Kunisaki 8 and others 5 claimed that many congenital bronchopulmonary malformations may represent a continuum of foetal lung anomalies associated with unrecognized airway obstruction. Therefore, for example, bronchial atresia occurring early in gestation might favour CPAM or a bronchogenic cyst, while obstruction developing later in gestation might predispose the lungs to develop BPS or CLO (ref.
5
). Some authors 2 suggest that these anomalies have been characterized as lesions of defective budding, differentiation and separation of primitive foregut. The abnormal connection of the tubular components of the lung forms the basis of all congenital malformations. The entities included are CPAM, pulmonary sequestration, bronchogenic cyst, bronchial atresia, and CLO. Other anomalies, such as pulmonary agenesis, aplasia, hypoplasia, tracheal bronchus, oesophageal and neurenteric cysts, oesophageal and tracheal atresia, tracheoesophageal fistula, and other connections between the gastrointestinal tract and the lung can also be considered part of bronchopulmonary foregut malformations. A genetic cause of BPM has also been proposed and some authors 11 have hypothesized that CPAMs and pleuropulmonary blastoma (PPB), despite their clinical and histopathological heterogeneity, are caused by genetic defects which might disrupt common molecular pathways controlling airway formation. Many neonates with prenatally diagnosed BPM, regardless of the underlying pathology, will be asymptomatic. BPMs that apparently completely involute in utero are documented to be still present when CT-examined after birth. Many of these also have a normal appearance on radiological examination 12, 13 . A number of lesions will remain asymptomatic but there remains a small risk of neoplasia associated with some forms of cystic lung disease. Many of these lesions exhibit more than one component, possibly due to a common origin. Since bronchial obstruction occurring during early lung development may be an inciting event in the disease pathogenesis of CPAMs (ref. [5] [6] [7] [8] ). Some authors have postulated that an obstructing bronchial mucus plug may transiently induce abnormal pulmonary growth, thereby mimicking a lung malformation until the obstruction is alleviated 14 . It is also conceivable that these lesions may outgrow their existing blood supply or, as in the case of extralobar BPS, undergo spontaneous torsion towards the end of pregnancy 15 . CLO is lung segment overinflation characterized during microscopic analysis by air space enlargement without maldevelopment 5 . Overinflation accounts for approximately 20% of all prenatally diagnosed lethal lung malformations 1 . Pathologically, CLO is divided into two subgroups; the first (previously known as congenital lobar emphysema or CLE) is associated with an overinflated lung lobe caused by its extrinsic or intrinsic abnormality or compression, the second group is characterized by lobar, segmental, or subsegmental overinflation and high association with bronchial atresia 16 . CLO occurring initially after delivery may appear like an area of increased opacity related to retained foetal fluid. It is preferable not to image infants during the immediate postdelivery period 1 . There is now even more confusion as to how these malformations should be described 3 . Therefore we, like some other autors [1] [2] [3] , prefer to describe radiological findings thoroughly rather than try to categorize lesions in terms of pathologic terminology only. From a radiologist's point of view it is essential to realize what is actually seen on a CT image and what should be recorded without the undertone of embryological speculation. Radiological and histopathological descriptions should be kept separate 3 . Important findings include localization of an involved pulmonary lobe, depiction of vascular supply and the presence or absence of aberrant arterial feeder, description of the internal components of the lesion, solid and cystic portion, and the degree and character of aeration. According to the defined criteria, there was a complete agreement between two radiologists in the final CT diagnosis. It is advisable to evaluate 18 ) affirmed the accuracy of CT in all cases of CPAM, but only in 5 out of 6 patients in BPS. In our study, there was concordance in the detection of histologically confirmed CPAMs. Disagreements between CT and histopathological findings were caused primarily by to the inclusion of the CPAM types 1, 2 and 3 in our predetermined criteria. Type 2 CPAMs are the most frequent cause of mismatched diagnosis. We also observed a higher incidence of mixed lesions with coincidence of BPMs and the areas of hypoattenuation on CT findings. For the purpose of the study, these changes were called the areas of hypoattenuation, but we believe they represent an overlapping spectrum with CLO and other BPMs. Histopathologists might not notice these changes in a histologic specimen. This finding may be in accordance with the proposed pathogenesis of congenital lung lesions and the overlapping spectrum of an airway obstruction malformation sequence. Dedicated pathologists should evaluate the specimens of BPMs as diagnoses are often confusing and speculative when made without appropriate experience and knowledge. In our opinion, consensus and mutual cooperation between radiologists and histopathologists are essential in determining the final diagnosis of BPMs. Imaging methods are crucial for obtaining correct histopathological results. Contrast CT was accurate in all cases of the visualization of the aberrant systemic vessel. Additional studies including larger cohorts of patients are necessary to validate our findings.
CONCLUSION
Postnatal contrast chest CT is considered the most accurate examination in the postnatal radiological investigation of pulmonary lesions diagnosed prenatally. Hyperlucent lesions and CLOs presuppose an overlapping spectrum of an airway obstruction malformation sequence. Consensus and cooperation between radiologists and histopathologists are of paramount importance.
